Minimally invasive interventional radiological procedures, such as balloon angioplasty, stent placement or coiling of aneurysms, play an increasingly important role in the treatment of patients suffering from vascular disease. The non-destructive nature of magnetic resonance imaging (MRI), its ability to combine the acquisition of high quality anatomical images and functional information, such as blood flow velocities, perfusion and diffusion, together with its inherent three dimensionality and tomographic imaging capacities, have been advocated as advantages of using the MRI technique for guidance of endovascular radiological interventions. Within this light, endovascular interventional MRI has emerged as an interesting and promising new branch of interventional radiology. In this review article, the authors will give an overview of the most important issues related to this field. In this context, we will focus on the prerequisites for endovascular interventional MRI to come to maturity. In particular, the various approaches for device tracking that were proposed will be discussed and categorized. Furthermore, dedicated MRI systems, safety and compatibility issues and promising applications that could become clinical practice in the future will be discussed.
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Scope
About a quarter of a century after its clinical introduction, magnetic resonance imaging (MRI) has gained a solid position within the world of diagnostic radiology. Nowadays, more than 20 million MRI examinations for a variety of clinical indications are performed worldwide every year. In view of the growing concern with regard to the use of ionizing radiation during interventional procedures and bearing in mind the growing interest in minimally invasive therapy, it is not surprising that MRI has been slowly protruding into the world of interventional radiology since the mid-1990s. Whereas originally casted only for diagnostic imaging, MRI is currently evolving towards being a tool for guidance and evaluation of minimally invasive therapeutic interventions. The relatively new area of research called interventional magnetic resonance imaging (iMRI or iMR) deals with topics such as intraoperative MRI (Buchfelder et al 2000 , Hall et al 2000 , MR thermometry (Quesson et al 2000) , MR-guidance of ablation procedures (Law et al 2000) , cryotherapy (Tacke et al 2001) and biopsies , Liu et al 2000b . Also for guiding vascular interventions, MRI has been advocated as a new and promising modality. In this review, the authors will give an overview of the most important issues related to this field of endovascular interventional MRI (eiMRI). In this context, we will focus on the prerequisites for eiMRI to come to maturity, on the various methods that have been proposed to satisfy these conditions and on promising applications that could become clinical practice in the future. More generalthough related-issues such as fast imaging techniques, dynamic and interactive MRI, MR fluoroscopy, MR angiography (MRA) techniques, diffusion and perfusion measurements, quantitative flow analysis and MR compatibility issues with regard to peripheral hardware such as patient monitoring systems or physiological sensors, will not be discussed in detail, but will be mentioned when appropriate in the context of MR-guided endovascular interventions. The more specific topic of intravascular vessel wall imaging is also beyond the scope of this review.
Rationale for eiMRI
Minimally invasive endovascular procedures play an increasingly important role in the treatment of patients suffering from vascular disease. For many indications, these radiological procedures are attractive alternatives for surgical treatment. Examples of such procedures are balloon angioplasty, stent or stent graft placement, coiling of aneurysms, embolization and local drug delivery. At present, x-ray fluoroscopy is the imaging modality of choice for guiding vascular interventions. With this technique, the use of iodinated contrast agents and the radiopacity of the instruments allow a direct visualization of the vasculature or the manipulation of the instruments in projection images. A major drawback of this technique is the need for ionizing radiation. Tedious procedures may take up to several hours, thereby exposing both the patient and the interventionalists to a substantial amount of radiation. In addition, subtraction and overlay techniques have to be used to visualize the instruments in relation to the anatomy of the blood vessels, as vessel imaging relies on the injection of a bolus of iodinated contrast agent and can therefore not be continuous. Furthermore, the method is contraindicated for patients suffering from a contrast agent allergy or with renal insufficiency.
In the past decade, seeing that MRA has become a serious alternative to DSA for diagnostic vascular imaging in many parts of the anatomy, scientists and clinicians have realized the potential of MRI and MRA techniques for planning, guiding and evaluating endovascular therapy. Attractive features of MRI include its excellent soft tissue contrast, its inherent three dimensionality, its tomographic capabilities, its flexibility in the choice of scan plane orientation and its non-invasive and non-destructive nature (no ionizing radiation nor iodinated contrast agent). In addition, MRI cannot only acquire anatomical images, but can also be employed to assess a great number of functional parameters such as tissue perfusion, blood flow velocities, brain activation and temperature.
The first papers on endovascular interventional MRI appeared in the early 1990s (Dumoulin et al 1993 , Kandarpa et al 1993 , Kochli et al 1994 . Ever since, we have seen a growing interest in this field, both pushed by the manufacturers of MRI scanners and pulled by many enthusiastic researchers all over the world.
Prerequisites for eiMRI

Visualization of vessels and devices
A major issue in eiMRI is the need to adequately visualize the vessels through which the endovascular devices have to be negotiated, including those parts of the vasculature where pathology (such as stenosis) is present. In addition it is necessary to be able to detect the actual location of the endovascular devices at an acceptable frame rate. Keeping track of the position of the instruments during an intervention is often referred to as tracking. Several approaches to accomplish this goal have been presented in the literature. At first, these methods could be well divided into active or passive tracking strategies. Methods were called passive if they made use of the direct visualization of the instruments in MR images, while methods were considered active when small receiver coils were incorporated into the instruments. However, as more complicated, often hybrid, tracking methods were proposed, this classification scheme was not appropriate anymore. The terms 'active' and 'passive' were no longer sharply defined, as they could refer to either the principle of operation of the instruments, to the detection method or to the method of device visualization. For this reason we propose a new classification into global and local detection strategies. Global detection refers to strategies in which some kind of signal alteration in MR images provoked by the instruments is used for detection of the location of the endovascular devices. With local detection, only the proton resonance signal arising from spins in the direct vicinity of the instruments is detected by using the instrument itself (or part of it) as the receive antenna. In this section, we will review the proposed tracking strategies within the framework of this new classification.
3.1.1. Device tracking using global detection. Several device visualization and tracking approaches have been proposed that are based on the principle of global detection. The instruments that are used with these techniques can be divided into two groups, according to the strategy applied to create local image disturbances:
• instruments, not connected to external hardware, providing disturbances that cannot be switched off. These will be referred to as non-switchable.
• instruments, either electrically or optically connected to external hardware, that can be switched off. These will be referred to as switchable.
An advantage of being able to switch an instrument off, is the possibility to perform regular diagnostic imaging with the instruments in place. In addition, switchable instruments may also be controllable, which means that the size of the created image disturbances, and thereby the visibility of the instruments, can be adjusted during operation.
Both positive and negative contrast methods have been proposed. With positive contrast methods local signal amplification is created in the MR images by the instruments to be tracked. Negative contrast methods rely on the absence or destruction of MR signal in the instruments' vicinity for their visualization.
In general, global detection techniques require no hardware adaptations on the MR scanner, which means that these techniques can relatively easily be implemented on standard clinical scanners. Another advantage is that most of the instruments used in these methods, unlike those used for local detection, can easily be made intrinsically safe with regard to RF heating problems, just by avoiding long conducting structures in the design of the instruments (Konings et al 2000) . Please note, however, that not all equipment that was used in recent global detection-based experiments was actually safe, as will be pointed out in section 3.1.1. The safety problems mentioned here will be more thoroughly discussed in section 3.1.3.
A major disadvantage of the global detection approach is that it generally takes one to a few seconds to fully update a tracking image. In other words, the temporal resolution is rather low. Faster acquisition techniques, using for instance radial k-space coverage with sliding window reconstruction (Rasche et al 1995) or interleaved segmented echo planar imaging, can help increase the image refresh rate.
Non-switchable devices. The most straightforward way to implement device tracking with negative contrast global detection is to use instruments that create susceptibility artefacts in the images. These artefacts are caused by the fact that the materials in the instruments have a magnetic susceptibility that differs from the susceptibility of human tissue. Local differences in susceptibility lead to magnetic field inhomogeneities that cause geometrical distortions by interference with slice selection and frequency-encoding gradients and also give rise to local signal loss due to spin dephasing. When combined with a fast fluoroscopic MR imaging protocol, this artefact-based visualization technique is often called 'susceptibilitybased passive tracking'. It allows a direct depiction of the devices as with x-ray fluoroscopy.
In early studies, Rubin et al and Kochli et al evaluated the suitability of various ferroand paramagnetic instruments for creating endovascular devices that can be visualized with ultrafast MR imaging sequences, without causing prohibitive artefacts or image distortions (Rubin et al 1990 , Kochli et al 1994 . From these tests it became clear that many conventional guide wires and braided catheters were unusable because of the large artefacts these often ferromagnetic devices provoked under various fluoroscopic MR sequences. This led to the development of MR dedicated instruments. The main idea was to create artefacts in the MR images that allowed visualization of the device due to intravoxel dephasing in voxels surrounding it, but that were restricted to the device's direct vicinity.
As a first try, plastic catheters were doped in a strongly paramagnetic substance. These catheters were surely visible, but suffered from an extreme dependency on the angulation with respect to the direction of the main magnetic field. The incorporation of small ring markers made of strongly paramagnetic dysprosium oxide (Dy 2 O 3 ) allowed a consistent visualization of the markers, with negative contrast, regardless of the angulation of the device with respect to the main field, as is shown in figure 1. This susceptibility-based passive tracking method was proposed by Bakker et al (1996) . To improve the navigation, subtraction and overlay of thick slab projection images onto a previously acquired road-map angiogram, as commonly used in Figure 1 . Coronal gradient echo images of a standard polyethylene catheter, a catheter equipped with paramagnetic rings and a uniformly doped catheter at three orientations with respect to the direction of the main magnetic field, which is indicated by the arrows. The standard catheter is hardly visible, the artefacts caused by the uniformly doped catheter are strongly orientation dependent, but the catheter with ring markers is consistently visualized in any orientation.
x-ray-guided vascular interventions, could be applied (Bakker et al 1997 .
On-line image postprocessing for the automatic recognition of passive susceptibilitybased ring markers in fluoroscopic MR images was shown by van der Weide et al (2001) . He applied a winding number algorithm for tracing the actual position of the markers in the passive tracking images. Such a method could eventually lead to the possibility of interactively steering the imaging plane, based upon knowledge of the current device position.
Tracking with negative contrast global detection at low-field strength was demonstrated in an animal model by Wacker et al. Catheters prepared with a ferrite mixture were introduced into the aorta of a pig and subsequently advanced into the splenic and renal arteries (Wacker et al 1999) . The authors concluded that although catheter placement is faster and more reliable using conventional x-ray fluoroscopy, it is feasible using global detection (passive) tracking MRI techniques, which could have additional value in specific clinical applications such as tumour-embolization.
As has recently been shown, the administration of a suitable T 1 -shortening intravascular contrast agent, a so-called blood pool agent, can obviate the use of subtraction and overlay in susceptibility-based tracking . The use of such an agent not only suppresses saturation and dephasing effects, resulting in artefact free angiograms, but it also allows direct visualization of the blood vessels and the susceptibility-based devices in it, facilitating the negotiation of the devices through the vasculature, as can be seen in figure 2 .
An example of a positive contrast global detection technique is the use of gadoliniumfilled catheters in combination with a T 1 -weighted acquisition scheme including a projection dephaser for background suppression, as proposed by Unal et al (1998) . Here, use is made of the T 1 -shortening effect of a paramagnetic contrast agent such as Gadolinium-DTPA. This technique allows visualization of the entire device, regardless of its orientation in the main magnetic field, with slice thickness up to about 4 cm. However, it excludes the use of guide wires, as the lumen of the catheters is already filled and the guide wire itself cannot be visualized. Omary and co-workers tested various solutions of gadolinium. They found that the best catheter visualization was achieved using 4-6% gadolinium concentrations (Omary et al 2000b) . Recently, Green et al published a study comparing inversion recovery gradient echo imaging with normal gradient echo imaging for passive tracking of gadolinium-filled catheters and found that magnetization preparation by means of an inversion prepulse significantly improved device visualization both in phantoms as well as in a pig (Green et al 2002) . Nanz et al proposed a method that uses two contrast agents with different relaxation properties combined with an echo-time-switched acquisition (Nanz et al 2000) . An intravascular iron-based contrast agent with a short T 1 and a short T * 2 is used to enhance the blood pool in a scan with a short repetition time and a short echo time. The gado-filled catheters can be visualized at longer echo times, when the signal from blood will have died due to T 2 * relaxation, while the gado solution, having a longer T 2 * , still yields signal. Yet another approach to positive contrast global detection was proposed by Frayne et al (1999) . They suggested doping of the surface of the instruments with Gd 3+ ions, rather than filling the lumen with an aqueous solution of contrast agent, to achieve local T 1 shortening in the blood surrounding the catheter. Though interesting, this method, which was tested in yoghurt phantoms and later also in vivo in animal models (Unal et al 2002) , is not yet ready for clinical applications. Preliminary in vitro tests showed that some gadolinium leached from the coating into the background material. In addition, issues such as toxicity and bio-compatibility will have to be thoroughly addressed before in vivo applications become imaginable.
Another positive contrast global detection technique is based on the fiducial marker, presented by Burl et al (1996) . Such a marker consists of a miniature high quality RF coil, either quadrature or with single winding, tuned to the Larmor frequency of the scanner and surrounding a small container filled with a short T 1 solution. The application of low flip angle excitation pulses in a fast imaging sequence allows bright depiction of the coil's interior due to the fact that the effective excitation angle inside the coil is increased because of the resonance in the coil. The background will give relatively little signal at these low excitation angles, resulting in a positive contrast between marker and background.
The fiducial marker can also be used for obtaining actual coil coordinates, if adequate tracking pulse sequences and image postprocessing techniques are applied (Weiss et al 1999 , Weiss and Schaeffter 2000 . The problem that the signal amplification of fiducial markers is orientation dependent can be overcome by using a set-up with two decoupled perpendicular coils, where one coil is placed inside the other (Weiss et al 2002) .
Switchable devices. Some global tracking strategies rely on the visualization of deviceinduced signal alterations that can be switched on and off or even adjusted in strength. We shall refer to the tracking strategy of such methods as global detection using switchable devices. Amongst the pioneers of this approach were Glowinski and co-workers, who proposed negative contrast catheter visualization using locally induced, actively controlled field inhomogeneities (Glowinski et al 1997 . By feeding a small electrical current through a thin wire incorporated into the wall of a catheter, the homogeneity of the main magnetic field just outside the catheter is disturbed. As with susceptibility-based devices, this field inhomogeneity results in intra-voxel dephasing leading to signal void in the direct vicinity of the catheter, thereby making the catheter visible. To prevent the catheter from experiencing torque in the strong magnetic field in the MRI scanner, the current wire is wound spirally inside the catheter wall. By adjusting the current through the wire, the severity of the artefacts can be adjusted. This not only allows enhanced visibility when needed, for instance in strongly heterogeneous backgrounds, it also enables the user to switch the artefacts on and off, as is shown in figure 3 . Furthermore, the whole device can be consistently visualized under all angles with respect to the direction of the main magnetic field. The method was tested in phantom studies as well as in vivo in pigs (Adam et al 1997a , 1998 . The major drawback of this technique is that it employs long conducting wires inside the instruments, which is not safe because of the RF heating problems that will be discussed in the next section (Konings et al 2000) .
While Glowinski tried to prevent the catheter from experiencing torque, this effect can also be exploited. Roberts and co-workers proposed the use of dc current operated tip coils to enable mechanical deflection of the catheter tip so as to facilitate navigation (Roberts et al 2002) . In this approach three separate coils, with three orthogonal axis orientations, are attached to the catheter tip and long conducting wires are used to feed these coils with dc currents. The magnetic moments produced by the current carrying coils will experience torques in the strong main magnetic field of the scanner, which allows steering of the tip during an MR-guided intervention. The dephasing artefacts created by the field inhomogeneities surrounding the coils during operation, which are very dependent on the amount of current through the coils, can be used to visualize the tip in tracking images. Again, because of the long conductors, also this method will have to be thoroughly evaluated with respect to possible RF heating problems.
Another switchable negative contrast passive tracking device, showing similarity to Glowinski's catheter, is the 'OptoCoil' (Konings et al 2001) . In this device an electrical current through a small solenoid at the tip of a catheter is used to create local field inhomogeneity just around the tip coil. The current is generated by an opto-electrical energy conversion. A series of photovoltaic cells attached to the tip coil are illuminated with laser light through an optical fibre equipped with a diffusing tip segment. As no long conductors are needed along the length of the catheter, also this method is intrinsically safe with regard to RF heating. Also positive contrast switchable devices were described. The tuned fiducial marker, inductively coupled to the MR receive coil, described in the previous section can also be made switchable, as was shown by Wong et al (2000) . To achieve this a photoresistor is placed in parallel to the inductor and capacitor constituting a resonant tip coil. By applying light to the sensitive surface of the photoresistor through an optic fibre, the resistance of the photoresistor can be dramatically lowered. This results in instant detuning of the resonant circuit in the marker, making it invisible in the MR images.
A completely different idea to achieve marker-based tracking with positive marker contrast was to enhance the nuclear magnetization of a marker by exploiting the Overhauser effect (Joensuu et al 2000) . To this end, a marker was created based on a small cylindrical container filled with an aqueous solution containing a free radical. The fluid inside the marker is irradiated with microwave power at the electron resonance frequency through a long coaxial wave guide, resulting in saturation of the electron spin resonance in the solute. This saturation causes the nuclear magnetization of the sample to be enhanced, which makes the MR signal inside the marker higher than that in the background. The need for the rather stiff microwave guide makes this method unsuitable for use in flexible catheters. Furthermore, the coaxial cable is prone to RF-induced heating and also the microwave power deposition in the sample material can possibly lead to thermal damage in the marker's direct environment. Recently, another global catheter tracking technique based upon the Overhauser effect was introduced by Vahala et al (2002) . The novel aspect here is that the electron spin resonance in an aqueous trityl solution is saturated by irradiation with microwaves in a cavity resonator outside the body before it is injected into the lumen of a catheter. The enhanced longitudinal magnetization in the solution due to the Overhauser effect then allows depiction of the catheter lumen, as was shown in an experiment with a thick slab acquisition at 0.23 T, where a catheter was placed over an anesthetized rat. A complicating factor is the relaxivity of the trityl solution: the enhanced signal from within the catheter can only be detected directly after injection of the fluid into the catheter lumen.
Device tracking using local detection.
In this section, we will review the major local detection techniques for catheter and guide wire tracking, i.e. with the instrument itself operating as a receive antenna connected to the receiver channel of the scanner. Within this context, the instruments are said to be actively visualized.
In active tip tracking, instruments are equipped with small receiver coils located at their tip. Spatial frequency encoding in three orthogonal directions, effectuated by switching linear gradients in the main magnetic field along these three axes, together with a Fourier transformation of the MR signal received by the tip coil, enables fast localization of the tip position in three dimensions. The position of the coil can then be shown graphically as an overlay onto any previously acquired MR image.
This method was first published by Dumoulin et al (1993) , 7 years after the introduction of the concept of RF tracking by Ackerman et al (1986) . Electrically conducting wires were used to transport the MR induction signal measured by the tip coil to frequency analysis hardware connected to the MR scanner. Using a Hadamard encoding scheme for the application of gradients in three orthogonal directions, only four excitations were needed to obtain the position of the tip coil in three dimensions, resulting in approximately 20 position updates per second, as was shown in phantom experiments. The technique can also be combined with continuous radial scanning to allow for in-plane tracking without prolongation of the acquisition time.
The successful application of this local detection tracking method, both on high-field (1.5 T) as well as on low-field (0.2-0.5 T) scanners, was later also shown by several groups in phantom experiments and in animal models (Leung et al 1995 , Wildermuth et al 1997 , 1998 , Wendt et al 1998 , Zimmermann-Paul et al 1998 , Ladd et al 1998b , Aoki et al 1999 .
The main advantage of the active tip tracking technique is the high temporal resolution that can be achieved with it. Furthermore, the three-dimensional information about the tip position offers the possibility to actively steer the imaging plane. A disadvantage is the need for additional hardware connected to the MR scanner. Also the fact that the instruments need to be connected to the hardware at their proximal end can be troublesome, especially during complicated interventions where different guide wires and catheters have to be exchanged frequently. In addition, only the tip of the device can be localized. Or better, only the location of the sensitive volume of the miniature receive coil. The application of more than one coil along the length of the instrument may help solve this problem, as was shown by Zhang and coworkers, who proposed an inductive coupling structure consisting of three micro coils at the catheter tip (Zhang et al , 2001 . This set-up, which was implemented for use on a 0.2 T scanner, can be used to acquire both the tip position as well as its orientation. This enables automatic scan plane selection during interventions by using knowledge about the location of the target tissue that is obtained using an automatic image segmentation algorithm.
A closely related method called MR profiling was proposed to overcome the problem that active tip tracking only yields the coordinates of the position of the coil and does not allow visualization of the device as a whole. MR profiling is based on the incorporation of a stretched RF coil into a device (McKinnon et al 1996) . The coil is then used as a receive coil for imaging. Because of the limited spatial sensitivity of such a stretched coil, only spins in the direct vicinity of the coil will be seen on the acquired images, leading to the depiction of the device over the total length of the coil. Graphical overlay techniques can be used to superimpose the catheter tracking images onto any available road-map image. The applicability of this technique in vivo was shown in animal studies (Ladd et al 1998c) (see figure 4). Various coil concepts were described as well as the use of an internal signal source inside the coil to increase the detected signal (Ladd et al 1997 , Erhart et al 1998 . In general, the profiling method requires the acquisition of a whole image, resulting in a temporal resolution comparable to that of tracking using global detection techniques. However, by using faster acquisition schemes with rectangular field of views (FOVs) it can be accelerated. This was shown by Atalar and co-workers, who extended the profiling approach by using the same catheter probe to transmit RF pulses and receive MR signal . Fast imaging with a very narrow FOV, resulting in a frame-rate of up to 7.3 frames per second, was combined with an image unwrapping algorithm to project the resulting catheter images onto three-dimensional road-map images. As an extension to this technique, multiple FOV imaging was introduced (Aksit et al 2002) . This technique makes use of a data acquisition strategy that allows the reconstruction of multiple-FOV images during the acquisition. This enables combined real-time imaging of the endovascular devices using narrow FOVs and dynamic imaging of the anatomy at lower temporal resolutions using larger FOVs. The method was tested in phantom and animal experiments. Another coil design using a twisted-pair RF coil along the length of a catheter allowing operation in transmit/receive or receive-only mode was proposed by Burl et al (1999) .
An approach similar to profiling was described by Quick and co-workers, who used a stent as an intravascular receive antenna . The stent, folded into its delivery device consisting of a 12 F sheath and connected to the receiver port of the MR scanner by means of conducting wires, is used as an RF coil for MR profiling. A fast gradient echo sequence is employed to show near real-time stent guidance at a frame rate of 1-2 images per second. In analogy with profiling, direct image post-processing allows the overlay of the tracking images onto previously acquired images. Once the stent is deployed at the location of a lesion, the deployed stent can act as an RF coil for high-resolution imaging of the vessel wall. This group also showed the potential of balanced gradient echo acquisitions (bFFE, TrueFISP) for a direct visualization of the vascular anatomy and actively visualized catheters in an interventional real-time imaging set-up (Quick et al 2003) . Image fusion of anatomical images and tracking images from various instruments equipped with dipole antennas was performed on a separate PC connected to the scanner and subsequently displayed on a monitor in the MR suite.
Recently, a combined electrophysiology/MRI catheter was introduced by Susil et al (2002) . At low frequencies, this catheter, with two surface electrodes at the tip, behaves as a standard two-lead electrophysiology catheter. At higher frequencies (around 64 MHz, which is the Larmor frequency for protons at 1.5 T), the catheter behaves electronically as a long loop receive antenna and can be used for MR imaging. This combination may enable the exploitation of the excellent soft-tissue contrast that MRI has to offer during electrophysiological cardiac interventions.
Perhaps the major drawback associated with the tracking techniques presented in this section, and the reason that these methods have not yet been demonstrated in human patients, is that there are safety concerns associated with electrically active endovascular instruments. As was already mentioned before, using devices with long conducting wires in them can be dangerous because of the possible RF heating that may occur. This, and other safety aspects that have to be taken into account in designing endovascular instruments for endovascular interventional MRI, will be discussed in more detail in the next section.
MR compatibility and safety issues.
As was already mentioned before, standard endovascular devices such as metallic guide wires and braided catheters can often not be used for MR-guided endovascular interventions. To be able to qualify the suitability of a certain device or system for use in the MR environment, the US Food and Drug Administration has defined the labels MR safe and MR compatible as follows (CDRH Magnetic Resonance Working Group 1997):
• A device may be labelled MR safe if it has been demonstrated to present no additional risk to the patient or other personnel when it is used in the MR environment. The device may however affect the quality of the diagnostic information.
• A device may be labelled MR compatible if it is MR safe and has been demonstrated to neither significantly degrade the quality of the diagnostic information, nor have its operation (adversely) affected by the MR system.
For interventional devices and equipment to be usable in MR-guided interventions they must be MR compatible, or rather MR dedicated. This means that many devices will have to be redesigned and manufactured using only MR-compatible materials and that specific measures have to be taken to ensure MR safety.
Primary safety hazards associated with interventional devices are the attractive forces acting on them and possible heating effects due to resistive dissipation of radiofrequency energy from the scanner's RF fields. As was discussed earlier in this chapter, the magnetic forces and torques acting on a device depend on the susceptibility of the material the device is made of. The extremely strong static field may turn ferromagnetic objects into lethal missiles. Not all equipment, such as for instance a system for patient monitoring, is suited for use in the MR environment. It is of utmost importance that the staff performing the intervention is totally aware of these problems. By avoiding the use of hard magnetic materials in instruments, devices and apparatus, i.e. by making sure that the value of the magnetic volume susceptibility lies within the 'region of MRI-compatibility' (i.e. |χ | < 10 −5 )-as defined by Schenck (1996) -these problems are solved, as the forces and torques become negligibly small.
The heating problem cannot be dealt with that easily. The RF power deposition is expressed as the specific absorption rate (SAR) in watts per kilogram body weight. The SAR is a function of the tissue sample size and geometry, the Larmor frequency, the RF pulse shape Fibre optic Figure 5 . Schematic set-up and results of an in vitro experiment to demonstrate the potential danger of performing endovascular interventions using standard guide wires with a metal core. The guide wire was partially immersed in saline (as in a blood vessel) and scanned in an extremely off-centre position within the bore of a 1.5 T scanner using a gradient echo sequence with an SAR of 3.9 W kg −1 . The temperature of the water directly surrounding the guide wire tip was measured using an MR-compatible fibre optic temperature sensor. The graph shows the measured temperature as a function of the immersed length after 30 s of scanning.
and pulse sequence and the tissue's dielectric constant and resistivity Edelstein 1981, Bottomley et al 1985) . The most important parameter in determining patient safety is the local temperature change induced by the RF heating, which is very hard to predict due to the heterogeneity of the tissues constituting the human body. Finite difference time domain methods have therefore been proposed to estimate both SAR distributions, solving the timedependent Maxwell equations, given the RF pulse sequence and transmit coil geometry, and temperature distributions calculated from the bioheat equation (Hand et al 2000) . In general clinical MRI applications, RF energy-induced tissue heating is not a real issue as long as the SAR limits are obeyed.
However, with the insertion of interventional devices into the human body things become more complicated. There is a substantial risk of heating associated with the use of long conductive structures during MRI examinations (Shellock and Shellock 1998 , Ladd et al 1998a . This is typically the case with long metallic guide wires, conventionally used in radiological endovascular interventions, but also with active catheters bearing long conducting leads inside. The major concern is the possible storage of RF energy in the patient's body because of resonating RF waves, which may come into existence if long conductors start acting as linear RF antennas (Konings et al 2000 , Liu et al 2000a , Pictet et al 2002 . This problem is illustrated in figure 5 , which shows results from a phantom study to demonstrate the resonance phenomenon.
As a response to the alarming message about the potential hazards associated with the use of long conductors in the MR environment, several groups have been searching for solutions to this problem. A possible solution is the application of quarter-wave-length chokes while avoiding resonant lengths (Atalar 1999, Ladd and . By doing so, temperature increases are spatially distributed along the cable-i.e. the temperature will rise at the locations of the chokes-and therefore, the peak temperature increase, which was originally seen at the location of the tip, is reduced. The proposed approach would involve application of extra coaxial layers, which may have unfavourable consequences for the mechanical properties of the guide wire.
Others have attempted to develop theoretical models for predicting local tissue heating around guide wire tips as a function of SAR. This would make it possible to set limits to the applied RF power for a certain device, so as to keep the tissue heating within an acceptable range. For configurations where the guide wire or catheter antenna is used to transmit RF pulses and also to receive the MR signal, this approach was shown to be fruitful (Yeung and Atalar 2000) . For antennas operating in receive-only mode, the proposed models oversimplify clinical reality inasmuch as they do not permit guide wires partially immersed in blood and partially outside the body, assume straight wire configurations and do not take transmit field inhomogeneities into account (Yeung and Atalar 2001) . It is obvious that in practice, with very complex and unpredictable resonance conditions that depend on the electric properties of the guide wire in its surroundings, the amount of electrical energy that is converted to heat is unknown and has no clear ceiling value, which makes it impossible to guarantee safety under all possible conditions. It is the authors' opinion that the capricious dependencies of the intensities of resonance phenomena on environmental factors make it questionable whether it will be possible to formulate effective MR safety guidelines for endovascular guide wires and catheters containing long conductors. The challenge is to develop a device which is fully MR compatible but still mechanically suitable for clinical use. It is our strong belief that the use of non-conducting materials, may prove to be a way out of the impasse the safety problems impose on the way towards clinical implementation of tracking strategies employing local detection using long conductors. The application of fibre optic techniques may very well play an important role as a safe means of data transmission through endovascular devices in the MR environment.
Dedicated MRI systems and the iMR suite
In addition to dedicated or at least safe instruments, performing interventions on a patient positioned in an MR scanner demands strict safety regulations and adaptations to the MR suite. In this section we will review the major issues.
Magnet design: image quality and patient access.
A major concern regarding magnet design for interventional MRI is patient access. The advent of interventional MRI in general has led to the development of open MRI scanners operating within the range of 0.2-1.0 T. The development of the so-called 'double doughnut' scanner is a milestone in the history of interventional MRI (Schenck et al 1995) . This open superconducting scanner consists of two horizontal axis 1.5 T magnets with a 56 cm gap for easy patient access in between, yielding a 0.5 T field inside the gap. Though not very suited for vascular applications due to its lowfield strength within the field of view, this scanner served as a source of inspiration for many researchers working on endovascular interventional MRI.
Low-field open MR systems allow MR-guidance of non-vascular interventions such as drainages or biopsies. However, performing interventions on blood vessels requires a depiction of those vessels with sufficiently high signal-to-noise ratio (SNR). In addition, a high spatial and temporal resolution is required. To achieve this, a field strength of at least 1.5 T is mandatory. This demand on field strength has so far restricted magnet design to cylindrical closed-bore configurations where the patient is inside a relatively small and long tunnel, which seriously limits the access to the patient. This is not only problematic with respect to the practical implementation of the procedure, but may also cause a feeling of discomfort with the patient who will often be lying in an uncomfortable position, may feel 'locked up' Figure 6 . The X-MR set-up. A combination of a fully equipped digital subtraction angiography unit and an MRI scanner suited for cardiovascular imaging. Both imaging modalities are set-up in separate but adjacent rooms with a sliding door in between. Closing the door allows the rooms to be operated as standard facilities, while with the door open the table bearing the patient can be easily transferred from one system to the other.
during the procedure and lacks direct contact with the interventionalist. In addition, the communication with the patient, between the interventionalists and with the operator outside the MR suite can be considerably hampered by the acoustic noise produced by the MR scanner during its operation. The communication problem can be solved by using headphones with integrated microphones.
From all this it can be concluded that the ideal MR system for guidance of endovascular interventions would combine a high-field strength (preferably 1.5 T) with fast imaging, easy patient access and silent operation. Unfortunately, with the current state of the art in MR technology, the laws of physics and especially those of economics have kept scanner manufacturers from realizing such a system.
Since no interventional MR scanner for vascular purposes is available yet, several scanner manufacturers have realized the combination of an MR scanner with conventional x-ray equipment as used for digital subtraction angiography (DSA) or for guidance of interventional radiological procedures (Adam et al 1997b , van Vaals 1998 , Fahrig et al 2001 , Vogl et al 2002 . An example of a combination of a cardiovascular MRI system and a catheterization lab is shown in figure 6 . In this set-up the MR scanner and the DSA unit are installed in separate but adjacent rooms with a sliding door in between. Closing the door allows the rooms to be operated as standard facilities, while with the door open the table bearing the patient can be easily transferred from one system to the other. Such a combination will not only allow a safe introduction of newly developed interventional MRI procedures into clinical practice, it may also facilitate the exploitation of the additional value regarding functional information and soft tissue contrast that MRI has to offer during regular x-ray-guided interventions. Obviously, this concept also has potential for non-vascular applications. An example of such an 'XMR' procedure is the MR-guided drainage of abdominal fluid collections, as was shown by Bücker and co-workers. During this intervention a guide wire is inserted into the fluid collection, which can be very well visualized with MRI, after which the drainage catheter is introduced over the guide wire under x-ray fluoroscopy (Buecker et al 2001) .
Dedicated user-interfacing and image processing facilities.
In-room control over the imaging parameters and orientation and location of the scan plane has recently become available on state-of-the-art interventional MRI scanners. These interactive scanning facilities allow the interventionalists to tailor the image contrast parameters and scan plane to their specific needs during the planning stage and during the actual treatment procedure.
During an intervention the acquired images have to be shown to the interventionalists inside the MR suite. For guidance of device manipulation, the tracking images have to be available in real-time. Depending on the detection strategy used, these images can be direct modulus representations of the acquired dynamic scans or processed images, for instance when subtraction or overlay techniques are applied. If on-line image processing is required, additional hardware and software will be needed to create the in-room display facilities. One way of addressing this problem is to extract the acquired images directly from the reconstructor of the MRI scanner, process them on a separate computer and then display them on a display inside the MR scanner (van der Weide et al 1998, Quick et al 2003) . Figure 7 shows an example of a screen shot during an endovascular intervention with susceptibilitybased passive tracking in the forearm of a patient in which subtraction and overlay images are shown next to each other.
Patient handling and monitoring.
An important issue regarding patient handling is the creation of a sterile working area in and around the MRI scanner. Furthermore, additional care has to be taken of patient monitoring since eye contact with the patient is hampered and the vascular access port (sheath) is not easily observed during an intervention. For this purpose, MR-compatible patient monitors have been developed by various vendors that enable the monitoring of all relevant physiologic parameters, such as for instance systemic and local blood pressure, heart rate, temperature and oxygen saturation (Shellock 1999) .
It is of utmost importance that all staff involved in MR-guided interventions is totally aware of the safety hazards associated with the electromagnetically hostile MR environment. Great care has to be taken that no objects are brought into the examination room that may pose any danger to the patient or the personnel.
Diagnostic and therapeutic procedures
Selective MR angiography
Adequate visualization of the vascular anatomy and the pathology under treatment is essential for success of an endovascular intervention. This requires high quality MR angiography prior to, during and also after the actual intervention. Especially for the depiction of vascular pathology, three-dimensional contrast-enhanced MRA is the method of choice in many parts of the body, as it yields high resolution images of good quality and suffers less from flow artefacts than non-contrast-enhanced MRA methods do. However, there are some limitations to this technique. First of all there is a maximum dose of contrast agent that may be administered to the patient. Furthermore, the timing of the intravenously injected contrast bolus may be critical. This may result in projection of enhanced venous structures onto the arteries or to compromised image quality in case the contrast bolus passage does not coincide with the acquisition interval. A way to overcome these problems is to selectively inject contrast material directly through the catheter during an intervention, as is common use in conventional x-ray-guided interventions (Bos et al 2000 , Omary et al 2002a .
This facilitates the synchronization of the bolus passage and the MRA acquisition. Furthermore, it allows a reduction of the amount of contrast agent and the use of test boluses with time-resolved MRA. Several authors have investigated the optimal gadolinium dose and injection parameters as a function of the local blood flow rate (Bos et al 2000 . The feasibility of the proposed technique was shown both in vitro in flow phantom studies as well as in vivo in animal models and human patients. Successful studies were performed in hemodialysis access grafts in the forearm , in iliac arteries of humans (Tello et al 1999) and animals (Bos et al 2000) (see figure 8) , in the aorta (rabbits) and coronary arteries (dogs) (Serfaty et al 2000) , in the renal arteries (pigs) (Omary et al 2002b) and in various other abdominal vessels such as the superior mesenteric artery and the hepatic artery (Quick et al 2003) . Selective MRA may prove to be an important tool for use during MR-guided endovascular interventions.
Percutaneous transluminal angioplasty
Probably the most important vascular disorder is atherosclerotic vascular disease, the primary pathologic manifestation of which is the atherosclerotic plaque. These plaques are either localized or diffuse growths of the most inner layer of the artery wall (the tunica intima) that may impede or even block blood flow through the artery. Plaque may cause pathological narrowing of a blood vessel (stenosis), which can be treated by inflating a balloon on a catheter at the site of the stenosis. This minimally invasive procedure, in which the balloon catheter is usually advanced under x-ray guidance to the location of the treatment over a guide wire, is called percutaneous transluminal (balloon) angioplasty (PTA) and is an everyday clinical routine. Stenoses may develop at many sites in the body, but are very common in the infra-renal abdominal aorta, the iliac and femoral arteries, the proximal coronary arteries, the popliteal arteries, the descending thoracic aorta, the internal carotid arteries and the cerebral arteries in the Circle of Willis.
So far, performing an MR-guided PTA procedure has been one of the main challenges in the field of eiMRI. Several groups have been working on this procedure, both with global and local device tracking strategies. Bakker and co-workers chose to implement an MR-guided PTA of hemodialysis access grafts in the forearm . They applied the susceptibility-based global detection technique making use of non-braided balloon catheters with paramagnetic ring markers and fibre glass guide wires, also equipped with ring markers for passive visualization. The feasibility of this approach, which makes use of dynamic gradient echo imaging at one image per second and involves subtraction and overlay techniques (van der Weide et al 1998) with real-time image post-processing and visualization, was shown in phantom studies and also in five patients (Bartels et al 2000a) . Balloon inflation with diluted gadolinium was visualized using a dynamic T 1 -weighted scan. Godart and coworkers demonstrated the technical feasibility of performing an MR-guided PTA in the aorta, also with use of a global detection strategy, on a 0.2 T low-field scanner . They prepared nitinol guide wires with iron oxide markers and used diluted gadolinium to inflate the PTA balloons. For tracking, they applied a T 1 -weighted gradient echo acquisition with a frame rate of one image every 10-15 s. The procedure was evaluated in flow phantoms as well as in pigs with a surgically created stenosis of the abdominal aorta. Omary and co-workers used global detection with positive contrast using gadolinium-filled catheters and a nitinol guide wire for performing angioplasties in three surgically created stenoses in the renal arteries of pigs (Omary et al 2000a) . Le Blanche et al described a similar procedure, with tracking relying on the susceptibility artefacts created by a guide wire, in the renal arteries of rabbits (Le Blanche et al 2000) .
Also local detection strategies were applied for guidance of PTA procedures. Wildermuth et al investigated the safety, catheter handling and functionality of the active tip tracking approach . They found harmful heating effects near the coil while using sequences with high duty cycles and negligible heating with conventional spin echo and low flip angle gradient echo scans. Another group used an intravascular imaging guide wire for monitoring an angioplasty procedure in the abdominal aorta of rabbits (Yang et al 1998, Yang and .
Recently, Bücker et al described PTA applying the active tip tracking local detection strategy with a radial acquisition using a sliding-window reconstruction resulting in an apparent image refresh rate of 20 frames per second. The catheter tip position was updated 10 times per second. Successful PTA procedures were performed on surgically created stenoses in the external iliac arteries in pigs .
Placement of endoprostheses
Another typical interventional radiological procedure is the placement of endovascular implants such as stents or vascular filters. A major requirement for such implants to be suited for use in MR-guided procedures is that they are MR compatible. This implies that no hazardous forces or torques that could dislodge the implant may act on it inside and near the MRI scanner and that the artefacts produced by the implants are acceptable. Many authors have studied the artefacts produced by metallic implants (Teitelbaum et al 1988 , Matsumoto et al 1989 , Amano et al 1999 , Hilfiker et al 1999 , Schürmann et al 1999 , Hug et al 2000 , Klemm et al 2000 . The main conclusion is that the artefacts depend strongly on the magnetic susceptibility of the materials the vascular implants are made of: the larger the difference in susceptibility between the implants and human tissue, the larger the distortion and dephasing artefacts. In addition, cage-like implants such as stents and filters, with many conducting loops in their design, will cause RF shielding artefacts ('caging') that will often be seen as signal loss in the implant's interior because of a reduction of the amplitude of the exciting RF magnetic field and of the MRI signal coming from spins inside the implant (Bartels et al 2002) . Stents that can be used in interventional MRI procedures should preferably be made of so-called low-artefact materials such as nitinol or tantalum that will not cause overwhelming susceptibility artefacts. In addition, the delivery device should not contain ferromagnetic components.
Stroman and co-workers demonstrated the feasibility of performing an MR-guided stent placement making use of a polyester sheath as a delivery device for a nitinol stent in vitro (Stroman et al 1996) . Manke et al reported about the MR imaging characteristics of various stents and their delivery devices (Manke et al 2000) . They concluded that several stenting systems might be suitable for MR-guided stent placement. Recently, several groups reported on resonant stent structures that locally amplify the flip angle inside the implant to allow the visualization of the stent's interior (Quick et al 2002 , Busch et al 2002 .
Several groups presented in vivo results based on global detection where the implant's susceptibility artefacts serve to visualize it. These studies included stent placement in the iliac arteries and aorta in pigs using open low-field scanners (Dion et al 2000 , iliac artery stenting in pigs using real-time radial acquisition strategies at 1.5 T on a combined x-ray-MRI set-up (Büecker et al 2000) and coronary artery stenting in pigs with use of realtime balanced gradient echo acquisitions (Spuentrup et al 2002) . Also patient studies were performed. Manke and co-workers evaluated an MR-guided stent placement procedure in 14 iliac artery stenoses in 13 selected patients . They found the procedure to be feasible, though time-consuming and not yet ready for clinical use.
A procedure similar to stent placement is the endovascular implantation of a filter in the inferior vena cava to prevent pulmonary thromboembolism. Several groups have investigated the MR-guidance of such a procedure. In a study at low-field strength (0.2 T), a placement procedure of a Phynox vena cava filter was successfully performed using direct passive visualization of all devices (Frahm et al 1998) . Multi-slice gradient echo scans were used for visualization of the devices, blood vessels and surrounding anatomy. A major disadvantage of using a low-field scanner is the very low temporal resolution of about 20 s per acquisition, which makes real-time position monitoring of the devices impossible. Furthermore, breathhold was required during the acquisition of the abdominal images and despite the low-field strength, the artefacts of the devices and especially those caused by the metal ring at the tip of the dilator were quite extensive. Neuerburg and co-workers performed a similar procedure in a high-field magnet . They used a 1.5 T MR scanner combined with a DSA unit. A nitinol guide wire was introduced into the right common femoral vein under x-ray guidance. Once the delivery catheter was introduced over the guide wire, the actual placement of the filter was performed guided by MRI. Again, a scan technique allowing direct visualization of the devices and the vasculature was applied, resulting in a rather poor temporal resolution of 30 s or 2.2 min per acquisition during device manipulation. More recently, two other studies at 1.5 T were reported. In one study passive visualization of devices equipped with dysprosium-oxide ring markers was applied with use of subtraction and overlay techniques (Bartels et al 2000b) , resulting in a frame rate of one image every 2 s. In the other study, also with dysprosium-oxide markers on the devices, radial acquisitions with a sliding window reconstruction were applied (Bücker et al 2001) , which led to an total k-space update rate of about 3-4 s, while images were reconstructed at a rate of 20 images per second. In both studies the metal artefacts provoked by the filter itself were used to visualize the filter's position and state of deployment during the procedure.
MR-guided endovascular treatment of carotid artery aneurysms in dogs by detaching small coils inside the aneurysm is another implantation procedure that was described in the literature . Global detection was used for tracking of gadolinium-filled catheters and detachable coils attached to a nitinol pusher wire.
Although performing MR-guided placement procedures of endovascular metallic implants was found to be feasible, the studies conducted so far revealed some limitations that have to be taken care of before routine clinical use would come into sight. First of all there is a strong need for dedicated, non-conducting guide wires and catheters with adequate markers. It is a misconception that the global detection strategy, as opposed to local detection techniques where long conducting wires are present in the endovascular instruments, is generally safe. As was discussed before, the use of long conducting guide wires-such as for instance the nitinol wires used in the patient study presented by Manke et al 2001) -has been shown to pose severe safety risks with regard to possible excessive heating of tissue near the guide wire tip (Konings et al 2000) . In addition, the MR-guided procedure generally takes much more time than the x-ray-guided intervention. This is mainly because of lack of experience with the interventional MRI techniques and because of the tedious planning of the tomographic imaging planes during the intervention. Interactive scanning facilities that have recently been introduced by scanner manufacturers, allowing on-line adjustment of the slice position, thickness and orientation, may help solve this problem.
Other procedures
Next to the three major application areas of endovascular interventional MRI so far-i.e., selective MR angiography, stent and filter implantations and balloon angioplasty-several other procedures have been described in the literature. Fahrig et al used an interventional low-field MRI scanner with an integrated digital flat panel x-ray system for performing a transjugular intrahepatic portosystemic shunt (TIPS) placement procedure in a pig (Fahrig et al 2001) . Catheterization of the hepatic vein was done under x-ray guidance, portal puncture under MR-guidance and the subsequent placement of a stent was guided by x-ray fluoroscopy again. Also mock embolization in renal artery branches was shown using the combined x-ray MRI set-up. Here the selective catheterization of the renal artery branch was performed using x-ray fluoroscopy and MR imaging was used to evaluate the perfused kidney volume.
Local drug delivery, which bears remarkable resemblance to selective MR angiography with intra-arterial gadolinium injection, is another potential application area for endovascular MR-guided interventions. Yang and co-workers showed the possibility of monitoring vascular gene delivery by mixing gadolinium contrast agent with the lentiviral vector carrying a green fluorescent protein gene (Yang et al 2001) . Vogl and co-workers evaluated the value of using a combined DSA-MRI set-up for guiding chemoembolization procedures in 30 patients with liver tumours (Vogl et al 2002) . They concluded that adding real-time and dynamic MRI to the conventional approach with x-ray guidance improved the therapeutic capabilities of vascular liver procedures. Lederman et al performed catheter-based endomyocardial injections guided by real-time MRI with local detection of the signal surrounding a guiding catheter receiver coil (Lederman et al 2002) .
Other cardiac eiMRI applications include the MR-guided placement of an MR-compatible atrial septal occluder, as was shown by Bücker et al, both in vitro (Buecker et al 2002b) and in vivo (Buecker et al 2002a) .
Discussion and conclusions
As was discussed in section 3.1, the growing interest in using MRI for guiding endovascular interventions has led to the development of several approaches for tracking endovascular instruments using MRI. Various local detection strategies, such as tip coil tracking, MR profiling and stent tracking, as well as several global detection approaches, such as susceptibility-based passive tracking, gadolinium-filled catheters and tracking of devices equipped with fiducial markers, have been proposed. Whereas the feasibility of performing MR-guided interventions with these techniques has been shown in phantom studies, in animals and even in human patients, currently none of these approaches has yet led to clinically relevant and applicable procedures. Looking into the clinical outcome of the past years of research only, one could argue that this means that the eiMRI approach is futile, but a more careful analysis proves this thought to be rather premature. Things become much more clear when looking into the major reasons for the somewhat slow start of this new therapeutic technique:
• Diagnostic high-field (1.0 to 1.5 T) MRI scanners were not designed for interventional use. Several dedicated low-field (0.064 to 0.5 T) open interventional MRI scanners have been developed, but the temporal and spatial resolution achievable with such scanners is not sufficient for guiding endovascular procedures or for obtaining accurate functional information. The closed-bore configuration of high-field scanners prohibited easy access to the patient.
• The temporal and spatial resolution for global detection strategies that rely on whole image acquisitions, even those achievable at 1.5 T, were still considerably lower than those with x-ray fluoroscopy.
• The safety problems associated with the use of long conducting wires in interventional instruments have appeared to be a major problem and a limiting factor in the development of local detection tracking strategies, as was discussed in section 3.1.3.
• Dedicated instruments are not widely available and need to be designed and prototyped using knowledge about the requirements for MR safety and compatibility.
• Because of all above-mentioned problems, the clinical additional value of eiMRI, other than the fact that no ionizing radiation is involved, has not yet been shown convincingly.
From all this, we conclude that faster and more flexible and open MR systems are needed. Fortunately, manufacturers of MR scanners share this opinion and at the moment more open high-field (up to 1.0 T) systems are being developed. In addition, interactive realtime scanning facilities, which have become available on clinical scanners, facilitate easy scan plane positioning and manipulation of scan parameters from within the MR suite during MRguided procedures. The practicability of these new scanning tools in interventional procedures will have to be investigated. In addition, more tests, such as on-line flow quantification or tissue perfusion measurements, that exploit the functional imaging capacities of MRI and that can add value to eiMRI procedures will have to be developed and investigated.
We expect the safety problems to be solved in the future. Several groups are working on solutions to the RF heating problem, and also the advent of optical techniques, will very probably lead to safe and usable devices for use with both global and local detection strategies. This will, however, also require substantial investments from manufacturers of endovascular instruments.
In addition, recent studies have shown the potential of using intravascular contrast agents (so called 'blood pool agents') during eiMRI procedures. These agents provide a long-lasting positive contrast of the vessels in fast T 1 -weighted MR angiography scans. Combined with fast scanning techniques, contrast enhanced passive tracking seems to be very promising.
In summary, we believe that the following steps will need to be taken to allow the transition of interventional MRI techniques from the phantom and animal study phase to clinical patient applications:
• Dedicated interventional instruments such as guide wires and catheters need to be developed, manufactured and made available.
• Intravascular blood pool contrast agents need to be made available to interventional MRI researchers.
• With these dedicated instruments and contrast agents, the additional value of using MRI techniques for guidance of therapeutic procedures needs to be shown in animal experiments. Attractive features of MRI such as its excellent soft tissue contrast, the ability to acquire physiological information, three-dimensionality and interactivity should be exploited.
• The last phase is the actual treatment of patients. Care should be taken to choose procedures where the MRI approach has clear additional value. Examples of such procedures are paediatric interventions, where x-ray exposure is an important issue, procedures that need to be repeated often (such as dialysis shunt management by performing PTA) and procedures that are not possible with x-ray-guidance alone (such as direct monitoring of drug release).
In conclusion, it is very important to realize that interventional MRI in general and endovascular interventional MRI in particular, are only in their infancy. As with other medical technology developments, eiMRI will need some time to grow to maturity. It is important that the research in this field continues so as to show the clinical additional value of eiMRI as compared to the conventional x-ray techniques. As a comparison, it took about 70 years from the discovery of x-rays by Wilhelm C Röntgen in 1895 to the first x-ray-guided endovascular revascularization procedure performed by Charles Dotter in 1964. MRI has only been around for about 30 years.
